Rapid detection of yeast contamination is important in the food industry. We have developed loop-mediated isothermal amplification (LAMP) assays to detect the emerging opportunistic pathogenic yeasts: Candida albicans, Candida glabrata, Candida tropicalis, the Candida parapsilosis group, Trichosporon asahii, and Trichosporon mucoides. These yeasts may cause deep-seated candidiasis or trichosporonosis. Four LAMP primer sets specific for Candida were designed to target the internal transcribed spacer 2 (ITS2) region between the 5.8S and 26S rRNA genes, and two LAMP primer sets specific for Trichosporon were designed to target the intergenic spacer 1 (IGS1) region between the 26S and 5S rRNA genes. The LAMP assays could detect these yeasts in a range between 10 0 and 10 3 cells mL À1 in a contaminated dairy product within 1 h. We also developed multiplex LAMP assays to detect these Candida or Trichosporon species in a single reaction. Multiplex LAMP assays can detect contamination if at least one of the target species is present; they are more time-and cost-efficient than conventional methods and could detect target yeasts with sensitivity close to that of the LAMP assays. Multiplex LAMP assays established in this study can be used as a primary screening method for yeast contamination in food products.
Introduction
Yeasts are used in food and drink fermentation, but they can also cause spoilage in a wide range of food types (Fr€ ohlich-Wyder, 2003) . In fermented milk products, yeasts growing at low pH cause undesirable flavor. Moreover, some yeast species are opportunistic pathogens (Hurley et al., 1987; Hazen, 1995; Krcmery & Barnes, 2002; Fr€ ohlich-Wyder, 2003; Hazen & Howell, 2003) .
Candidiasis and trichosporonosis, known as deep mycoses, are caused by several pathogenic yeast species and are widely spread (Fleet & Balia, 2006) ; candidiasis is the most frequent type of deep mycosis. Candida strains are often classified into the most pathogenic Candida albicans and nonalbicans Candida (NAC) (Krcmery & Barnes, 2002) . The ratio of NAC to total Candida strains isolated from patients is increasing worldwide (Hobson, 2003; Linton et al., 2007; Chang et al., 2008) . NAC species vary geographically: Candida glabrata is frequently detected in Europe and the USA, C. glabrata and Candida parapsilosis in Asia, and Candida tropicalis in South America.
Candida parapsilosis has emerged as an important nosocomial pathogen causing invasive candidiasis in critically ill hospitalized patients (Almirante et al., 2006; Bassetti et al., 2006) . Genotyping revealed that C. parapsilosis is composed of three genetically distinct groups (I, II, and III) (Lehmann et al., 1992; Lin et al., 1995; Roy & Meyer, 1998) . On the basis of the results of multilocus sequence typing (MLST), Tavanti et al. (2005) proposed that C. parapsilosis should be restricted to group I, and groups II and III reclassified as separate species, Candida orthopsilosis and Candida metapsilosis, respectively. Such classification has been supported by phylogenetic analysis based on the internal transcribed spacer (ITS) region sequences and by PCR-restriction fragment length polymorphism profiling of the secondary alcohol dehydrogenase and 26S rRNA genes (Asadzadeh et al., 2009; Mirhendi et al., 2010) . Each of these three species has emerged as an important nosocomial pathogen (Asadzadeh et al., 2009; Mirhendi et al., 2010) . In our study, we considered these three genetically closely related species -C. metapsilosis, C. orthopsilosis, and C. parapsilosis -as the C. parapsilosis group.
Trichosporonosis is a critical disease because of high lethality, and its incidence has been increasing recently. Trichosporon species are also implicated in summer-type hypersensitivity pneumonitis, and Trichosporon asahii and Trichosporon mucoides are involved in deep-seated infections (Sugita et al., 2004; Tokimatsu & Kadota, 2006; Colombo et al., 2011) .
Detection of these yeasts in food has been performed mainly by the culture method, which requires 5-7 days and cannot detect viable but nonculturable strains (Millet & Lonvaud-Funel, 2000) . Detection methods using DNA have been reported (Sugita et al., 1998; Gaudio et al., 2002; Bleve et al., 2003; Vollmer et al., 2008) . We focused on the loop-mediated isothermal amplification (LAMP) method, which has such advantages as rapidity, simple operation, and easy detection of DNA amplification (Notomi et al., 2000; Mori et al., 2001 Mori et al., , 2004 Nagamine et al., 2001 Nagamine et al., , 2002 Iwamoto et al., 2003; Yoshikawa et al., 2004; Imai et al., 2007) . Detection methods of bacteria or yeasts in food using LAMP have been reported (Hayashi et al., 2007; Yamazaki et al., 2011; Niessen et al., 2013) . However, Detection method of medically important Candida or Trichosporon species in food using LAMP has not been reported yet.
The aims of this study were (1) to develop LAMP primer sets for Candida (C. albicans, C. glabrata, C. tropicalis, and the C. parapsilosis group) and Trichosporon (T. asahii and T. mucoides); (2) to develop multiplex LAMP (mLAMP) assays to detect these Candida or these Trichosporon species in one reaction, respectively, and (3) to use these assays for yeast detection in contaminated dairy products.
Materials and methods

Yeast strains and DNA extraction
The yeast strains used in this study were obtained from the Culture Collection of the Yakult Central Institute (Tokyo, Japan) ( Table 1) . The yeasts were grown on YM agar plates (Difco Laboratories, Detroit, MI) at 25°C for 24 h. DNA was extracted as described previously (Makino et al., 2010) . Briefly, overnight culture cells on YM agar plates were suspended in 1 mL of 0.9% NaCl at a concentration of 1 9 10 7 cells mL
À1
, measured by using a cell counting chamber. The pelleted cells were resuspended in 250 lL of extraction buffer (100 mM TrisHCl, 40 mM EDTA, pH 9.0). Glass beads (700 mg; 0.1 mm diameter) and benzyl chloride (500 lL) were added, and the mixture was vortexed vigorously for 30 s in a FastPrep FP 120 homogenizer (BIO 101, Vista, CA) at 6.5 m s
. The mixture was supplemented with 50 lL of 10% w/v sodium dodecyl sulfate and vortexed vigorously for 20 min at 50°C in a microincubator (M-36, Taitec, Tokyo, Japan). Then, 150 lL of 3 M sodium acetate was added, and the mixture was kept on ice for 5 min. After centrifugation at 20 000 g for 8 min, the supernatant was collected, and the DNA was precipitated with isopropanol and resuspended in 100 lL of TE buffer (10 mM Tris-HCl, 1 mM EDTA, pH 8.0).
For artificial contamination of the commercial dairy product (Yakult â ), yeast cells were counted by using a counting chamber and diluted with Yakult â to 1-10 5 cells mL
. To prevent milk fat precipitation, 10 lL of 5 M sodium hydroxide was added to 1 mL of each contaminated sample, and the samples were centrifuged at 20 000 g for 5 min. The pellets were suspended in 250 lL of the extraction buffer, and DNA was extracted as described above.
LAMP primer set design
Primer sequences are listed in Table 2 . The primers were designed using PRIMEREXPLORER Ver. 4 (Fujitsu Systems East Ltd., Tokyo, Japan) according to the instructions (http:// loopamp.eiken.co.jp/e/lamp/primer.html), in terms of the distance between primers, Tm value for primer regions, GC contents, and the stability of primer end and secondary structure of primers (Fig. S1 ). Four primer sets for Candida were designed to target the internal transcribed spacer 2 (ITS2) region, and two primer sets for Trichosporon were designed to target the intergenic spacer 1 (IGS1) region.
LAMP and mLAMP assays
LAMP assays were conducted as previously described (Notomi et al., 2000) with some modifications. Briefly, each reaction was performed in a mixture (25 lL) containing DNA template (1 or 5 lL), 2.5 lL of 109 ThermoPol DF (detergent-free) buffer (New England Biolabs, Ipswich MA), 100 mM MgSO 4 , 2% v/v Tween 20, 5 M betaine (N,N,N-trimethylglycine), 40 mM dNTP mixture (10 mM of each dNTP), outer primers F3 and B3 (5 pmol each), inner primers FIP and BIP (40 pmol each), loop primers LF and/or LB (20 pmol each), and 8 U of Bst DNA polymerase (Lucigen, Middleton WI).
The mixture was incubated at 62°C in a real-time turbidimeter (LA-200; Teramecs, Kyoto, Japan). Real-time DNA amplification was monitored every 6 s by recording the optical density at 650 nm. A turbidity of 0.1 was taken as the threshold value. The time required for the turbidity of each sample to exceed the threshold value was defined as the threshold time (Tt). All reactions were conducted in triplicate.
The mLAMP assay was performed under the same conditions as the LAMP assay with all four LAMP primer sets for Candida species (Table 2) combined (mCan), or both primer sets for Trichosporon species (Table 2) combined (mTri) (Fig. 1) .
Assessment of LAMP and mLAMP assay sensitivity
To determine the detection limits of LAMP and mLAMP assays in pure cultures, the DNA extracted from the cells (1 9 10 7 cells mL
À1
) was diluted (1 : 100, followed by a series of 1 : 5 dilutions) with TE buffer; the final concentrations corresponded to 1.0 9 10 5 , 2.0 9 10 4 , 4.0 9 10 3 , 8.0 9 10 2 , 1.6 9 10 2 , 3.2 9 10 1 , 6.4 9 10 0 , and 1.3 9 10 0 cells mL
. Each dilution (5 lL) was used as a template for LAMP or mLAMP assays.
To produce artificially contaminated dairy product, yeast cells were cultured overnight, suspended in Yakult â at a concentration of 10 7 cells mL À1 and then serially diluted in Yakult â to the concentrations indicated above.
Diluted suspensions (1 mL) were used for DNA extraction, and extracted DNA (5 lL) was used as a template for LAMP assays. All assays were carried out in triplicate.
Results
Primer design and specificity of LAMP and mLAMP assays
We designed six specific primer sets: Calb for C. albicans, Cglb for C. glabrata, Ctro for C. tropicalis, Cpar for the C. parapsilosis group, Tasa for T. asahii, and Tmuc for T. mucoides (Table 2) . Primer sets for Candida targeted species-specific sequences in the ITS2 region; those for Trichosporon targeted species-specific sequences in the IGS1 region. The similarity values of the ITS2 regions between the target Candida species and their closest known species were < 82%: while those of IGS1 regions between T. asahii and T. coremiiforme and between T. mucoides and T. dermatis were 78% and 81%, respectively (see Supporting Information, Figs S2 and S3) . As per the results obtained, the targeted ITS2 and IGS1 regions for Candida species and Trichosporon species, respectively, were confirmed to be sufficient to discriminate these species from the closely related known species on the basis of the similarity values which corresponded to the threshold level for species discrimination (Wise et al., 2007) .
To evaluate the specificity of the primer sets, we performed LAMP and mLAMP assays with 10 ng DNA purified from 20 strains of the target species and 33 related species belonging to 10 genera. The primer sets successfully amplified DNA from the strains of the target species within 30 min. No DNA amplification could be detected for any of the nontarget species, even within the same genera, in 90 min. In the mLAMP assays, the primer sets mCan and mTri could specifically amplify DNA from the target species in 60 min ( Table 1) .
Sensitivity of LAMP and mLAMP assays in pure cultures
To estimate the detection limits of the LAMP assays with the primer sets developed in this study, serial DNA dilutions were tested. Primer sets Calb and Cgla amplified DNA from C. albicans and C. glabrata, respectively, in samples corresponding to 3.2 9 10 1 cells mL
À1
; Cpar amplified DNA in samples corresponding to 1.6 9 10 2 cells mL À1 (C. parapsilosis and C. metapsilosis) or 6.4 9 10 0 cells mL À1 (C. orthopsilosis); Ctro amplified DNA in samples corresponding to 8.0 9 10 2 cells mL À1 (C. tropicalis); and Tasa and Tmuc amplified DNA in samples corresponding to 1.3 9 10 0 cells mL À1 (T. asahii) and 1.6 9 10 2 cells mL À1 (T. mucoides), respectively. Thus, the LAMP assays showed detection limits of 10 0 -10 2 cells mL À1 and detection times of < 40 min (Table 3) . The detection limits of mLAMP for DNA extracted from pure cultures of the target yeasts were also determined. The primer set mCan amplified DNA in samples corresponding to 1.6 9 10 2 cells mL À1 (C. albicans, C. glabrata, C. metapsilosis, C. orthopsilosis, and C. parapsilosis) or 4.0 9 10 3 cells mL À1 (C. tropicalis); and (Table 3 ). The mean Tt data from the LAMP and mLAMP assays plotted against cell concentrations could be fitted by a power regression with R 2 of 0.81-1.0 (Fig. 2) .
Sensitivity of LAMP and mLAMP assays in an artificially contaminated dairy product
We assessed the ability of the LAMP assays to directly detect target yeast species in artificially contaminated Yakult â . The primer set Calb amplified DNA in a sample derived from 3.2 9 10 1 cells mL À1 (C. albicans); Cgla amplified DNA in a sample derived from 1.6 9 10 2 cells mL À1 (C. glabrata); Cpar amplified DNA in samples derived from 1.6 9 10 2 cells mL À1 (C. parapsilosis and C. metapsilosis) or 6.4 9 10 0 cells mL (Table 4) . The detection limits of mLAMP assays were also estimated. The primer set mCan amplified DNA in samples derived from 6.4 9 10 0 cells mL À1 (C. albicans), 3.2 9 10 1 cells mL À1 (C. orthopsilosis and C. parapsilosis), 1.6 9 10 2 cells mL À1 (C. glabrata and C. metapsilosis), and 4.0 9 10 3 cells mL À1 (C. tropicalis); and mTri amplified DNA in samples derived from 3.2 9 10 1 cells mL
À1
(T. asahii and T. mucoides). The detection limits were 10 0 -10 3 cells mL
, close to those of the LAMP assays (Table 4) .
The mean Tt data from the LAMP and mLAMP assays plotted against cell concentrations could be fitted by a power regression with R 2 of 0.89-0.99 (Fig. 2) . Our results indicate that LAMP and mLAMP assays can directly detect target yeast species in dairy products.
Discussion
Food spoilage is a serious problem for the food industry, and rapid and accurate detection of opportunistic pathogens is an essential responsibility of the food industry to the consumers to avoid potential health hazards. However, traditional culture methods are time-consuming, which results in decision delays (Phister & Mills, 2003) . In fermented dairy products with low pH, the risk of spoilage because of yeast contamination is particularly high. Therefore, we developed mLAMP assays for simultaneous detection of three Candida species (C. albicans, C. glabrata, and C. tropicalis), the C. parapsilosis group, and two Trichosporon species (T. asahii and T. mucoides) in dairy products using specific primer sets targeting the ITS2 (for Candida) and IGS1 (for Trichosporon) regions.
Contamination by the C. parapsilosis group (C. metapsilosis, C. orthopsilosis, and C. parapsilosis) is critical in the food industry. Although the Cpar primer set cannot discriminate between these three species, it has an advantage in terms of the rapid detection in one assay, which obviates the need for elaborate molecular techniques such as MLST.
The ITS2 regions are used to identify species in general (Lott et al., 1993) ; however, we found that the ITS2 regions are very similar in T. asahii and other Trichosporon species (Fig. S2) . By designing the primers targeting the IGS1 region, we were able to discriminate between closely related T. asahii and T. mucoides. The primers corresponding to Trichosporon IGS1 region were previously employed for real-time qPCR (Sugita et al., 1998; Makino et al., 2010) .
The sensitivity of the LAMP assays in our study was 10 0 -10 3 cells mL À1 for Candida and Trichosporon in an artificially contaminated dairy product. . However, in our study, Lactobacillus did not interfere with the detection of target yeast species. Thus, LAMP and mLAMP assays developed in this study can be used for food-monitoring purposes.
Our mLAMP assays allow detection of Candida and Trichosopron in dairy products at levels comparable to those obtained with LAMP. mLAMP assays also allow detection of several target yeasts in a single reaction, which makes them less time-and cost-consuming.
Primer concentration is an important factor in mLAMP assays, because it affects the detection time. mLAMP assays have been carried out at various primer concentrations (Zerilli et al., 2010; Shao et al., 2011) . In this study, the detection time was shorter with the original concentration of each primer set than with concentrations different from the standard method (data not shown). In conclusion, we established the mLAMP assays to detect the opportunistic pathogenic yeasts of five species (C. albicans, C. glabrata, C. tropicalis, T. asahii, and T. mucoides) and the C. parapsilosis group in dairy products. These assays are highly sensitive and more time-and cost-efficient than the methods used so far. The mLAMP assays developed in this study can be used as a fast and easy food-monitoring approach for quality control.
Supporting Information
Additional Supporting Information may be found in the online version of this article: Fig. S1 . Schematic illustration of LAMP primers' positions. Fig. S2 . Phylogenetic tree of the target opportunistic pathogenic yeasts and closely related species, based on ITS sequences (approximately 450 nt). Fig. S3 . Phylogenetic tree of the target opportunistic pathogenic yeasts and closely related species, based on IGS1 sequences.
